The apolipoprotein E4 (E4) allele is present worldwide, despite its associations with higher risk of cardiovascular morbidity, accelerated cognitive decline during aging, and Alzheimer's disease (AD). The E4 allele is especially prevalent in some tropical regions with a high parasite burden. Equatorial populations also face a potential dual burden of high E4 prevalence combined with parasitic infections that can also reduce cognitive performance. We examined the interactions of E4, parasite burden, and cognitive performance in a traditional, nonindustrialized population of Amazonian forager-horticulturalists (N = 372) to test whether E4 protects against cognitive decline in environments with a heavy pathogen burden. Contrary to observations in industrial populations, older adult E4 carriers with high parasite burdens either maintained or showed slight improvements in cognitive performance, whereas non-E4 carriers with a high parasite burden showed reduced cognitive performance. Being an E4 carrier is the strongest risk factor to date of AD and cognitive decline in industrial populations, it is associated with greater cognitive performance in individuals facing a high parasite and pathogen load, suggesting advantages to the E4 allele under certain environmental conditions. The current mismatch between postindustrial hygienic lifestyles and active parasite-rich environs may be critical for understanding genetic risk for cognitive
The strongest reported genetic risk factor of Alzheimer's disease (AD) is the apolipoprotein E4 allele (E4), which raises lifetime risk in carriers up to 4-fold over that of noncarriers (1) (2) (3) (4) (5) . Women are particularly vulnerable, showing a .50% excess of AD over men, and greater levels of brain amyloid and other markers of neurodegeneration (6) . Beyond increased AD risk, E4 carriers display a sharper rate of cognitive decline and of gray matter atrophy with synapse loss during normal adult aging than do noncarriers (7) . In addition to cognitive decline and dementia risks, E4 is associated with higher total cholesterol and LDL, enhanced intestinal absorption of dietary cholesterol (8, 9) , and increased cardiovascular disease (CVD) risk in industrialized populations (10) (11) (12) . Since E4 contributes to extensive morbidity and mortality worldwide (13, 14) ; from an evolutionary perspective, the relatively high worldwide frequency of the E4 allele despite its costs to survivorship is somewhat puzzling. E4 is considered the ancestral allele in the genus Homo (15) (16) (17) (18) , and E4 frequencies show extensive geographical variation, from ,5% to .45%, with higher frequencies at the equator and tropical latitudes and in northern Europe (15, 19) . The Tsimane fall in the upper range, with 24-32% E4 across age groups (20) .
Despite its strong association with AD risk in industrialized populations, the E4 allele may have conferred survival or reproductive benefits in response to parasite ABBREVIATIONS: AD, Alzheimer's disease; CVD, cardiovascular disease; E4, apolipoprotein E; ESR, erythrocyte sedimentation rate; H1, hypothesis 1; H2, hypothesis 2; H2:P1, hypothesis 2 affecting children (age, 6-18 yr); H2:P2, hypothesis 2 affecting the postreproductive population (age, 45+ yr) burdens in energy-limited, subsistence-level populations. In high-parasite-load environments, E4 appears to be protective against parasites by minimizing their deleterious impact by preventing or contributing to spontaneous clearance of some infections, including viral hepatitis C (21) , Giardia and cryptosporidium in low-income urban areas (22) (23) (24) , and cryptosporidium infection in a murine model with human APOE4 alleles (2) . Infectious disease burden affects cognitive performance (25) (26) (27) ) through a variety of mechanisms including malabsorption of macroand micronutrients from the parasite feeding directly on the host (and host gut contents), as well as increased host inflammatory burden and immune response to the parasitic infection (28) . Although helminths and other parasites currently affect millions around the world, improved sanitation and public health campaigns have significantly reduced parasite burdens, particularly in industrialized populations, which are the best studied for cognitive aging. Modern lifestyles in such populations are an evolutionary novelty; .99% of human history occurred in small, mobile hunter-gatherer groups without access to sanitation or clean water. The current mismatch between modern hygienic lifestyles and active parasite-rich environs may be critical for understanding the evolution of genetic risks for cognitive aging.
Cognitive performance plays a crucial role in school achievement, job attainment, income, and social status, all of which contribute to reproductive fitness (29, 30) . Cognitive ability has been critical to the success of the human evolutionary niche, which requires extractive foraging, skill-intensive hunting, and social intelligence (31, 32) . Adaptations that benefit cognitive performance via resistance to parasites or pathogens could have important reproductive impacts in early or later life. The reproductive benefits of cognitive performance could occur during early reproductive life with an earlier age at first reproduction, or at later ages as postreproductive older adults enhance the reproductive success of descendants (33, 34) . Given that the E4 allele is present in less than half the individuals in any one population, it is possible that there is a heterozygotic advantage in populations with a high infectious burden such that individuals with only one E4 allele have highest fitness.
Current study
Although 2 studies have shown positive associations between E4 and child cognitive development (35, 36) , it is not known whether E4 confers cognitive protection to older adults with a high parasite load. Studies thus far have not taken a life-course perspective (either focusing only on children or examining only cognitive decline and AD in older adults), nor have there been adequate tests in populations more representative of human evolutionary past. From a mechanistic standpoint, the impact of E4 on cholesterol production and absorption and parasite/ pathogen clearance should have the same impact on adults as children. In this study, we tested 2 hypotheses: (H1), the E4 allele interacts positively with parasite burden in predicting cognitive function in adults vs. (H2), the positive early-life benefits of carrying E4, in interaction with parasite burden, with respect to brain development and cognitive performance is limited to childhood and adolescence (23, 35, 36) , but could outweigh the purely deleterious consequences of E4 in causing more rapid decline in cognitive performance later in life, when the force of selection is reduced (37) . H2 predicts that cognitive advantages from E4 are limited to children (H2:P1), whereas fitness-relevant disadvantages (poorer cognitive performance) should be observed among postreproductive adults (H2:P2). These hypotheses are tested among the Tsimane, a remote population of foragerhorticulturalists (;15,000 individuals) in the Bolivian Amazon who live a traditional lifestyle of small-scale horticulture, hunting, fishing, and gathering without access to sanitation, electricity, or running water (38) . The Tsimane have a high rate of pathogen exposure, with more than two-thirds of adults showing active helminth infections (39, 40) .
MATERIALS AND METHODS
The Tsimane participants (N = 372 from 28 villages) aged 6-88 yr (mean age, 37.2 yr; 51.6% male) participated in a series of cognitive tasks and a morning fasting blood collection as part of routine biomedical surveillance conducted annually by the Tsimane Health and Life History Project (Supplemental Fig. S1 ). Ages were estimated from a combination of known ages from written records, relative age lists, photocomparisons, and dated events. Spanish-speaking ability was self-reported on a 3-point scale (minimal to none, intermediate, and fluent), and years of schooling were also collected (41) . All participants provided informed consent, and the procedures were approved by the institutional review boards at the University of California, Santa Barbara and University of New Mexico.
Biomarkers of parasitic burden
A manual leukocyte count and 5-part differential were collected immediately after a blood-collection, and erythrocyte sedimentation rate (ESR) was assessed by using the Westergren Method (39) . Eosinophil counts measured via manual 5-part differential were used as an index of parasitic infections as they relate to both current and past history of multiple types of parasitic infections (42, 43) . Although hookworm, which induces T-helper 2 response characterized by eosinophilia (43) , is the most common helminth seen in 56% of Tsimane (39, 40) , eosinophilia is provoked by parasitic infections of many different types. Instead of focusing on single species of parasite, eosinophils are used as a biomarker of parasitic infection more generally. Previous studies report that quantitative measures of helminth burden in fecal samples are only marginally associated with clinical symptoms (44) . ESR and leukocyte counts were included as nonspecific measures of inflammation and infection, respectively.
Cognitive battery
Participants engaged in a 7-part cognitive battery assessing attention, psychomotor speed, verbal declarative memory, and semantic fluency, derived in part from the Mexican Healthy Aging Study (45, 46) . The first task examined short-and longterm verbal memory via word recall; participants were asked to listen to and repeat a list of 8 Tsimane words immediately and again after 10 min. A second set of tasks assessed working memory with 3 digit-span tasks; participants were asked to repeat a series of digits in both the Tsimane and Spanish languages that increased in length until failure on 2 consecutive trials. Although not all Tsimane speak Spanish, all Tsimane understand Spanish numerals. In the third digit-span task (tactile), the interviewer touched a sequence of numbered boxes on a sheet of paper, and the participants were asked to touch the boxes in the same order. The next task examined semantic memory (category fluency) with 3 locally salient categories: animals, plants, and fish. Participants generated a list of items from memory that matched each category (for example, all animals) during a 2-min period. The final task was a visual scan where participants were shown a random array of symbols and asked to highlight all instances of a target symbol. All tests were conducted by a trained Tsimane translator at participants' homes and in the Tsimane language, with the exception of the Spanish numbers in the digit-forward test. Twelve individuals who reported vision problems were removed from analyses for tasks requiring visual acuity (Supplemental Fig. S1 ).
Genotyping
Whole blood was frozen in liquid nitrogen before transfer on dry ice to the University of Southern California where DNA was extracted by using standard protocols. Determination of the APOE2/E3/E4 alleles in the Tsimane derived from genotypes of 2 SNPs, rs429358, and rs7412 (20, 39) . Genotyping was performed using the TaqMan Allelic Discrimination system (Thermo Fisher Scientific, Carlsbad, CA, USA).
Data analysis
Age, sex, schooling, and Spanish fluency are all associated with cognitive outcomes (45, 46) , and are included as control variables in linear regression models. Community ID was used as a random effect in all analyses. All cognitive measures were transformed to z scores to facilitate effect size comparisons across the distinct cognitive tasks. Analyses are divided into 2 subsets based on the hypothesis of interest: 1) all individuals over age 30, to study cognitive aging [previous studies in industrialized populations and among Tsimane have shown cognitive decline beginning in the 20s (45), as specified by H1 and H2], and 2) the subset of the sample who are under age 18, and a second subset of postreproductive adults (aged 45+) to test H2.
RESULTS

E4 and biomarkers of infection
Among the study participants, the frequencies of APOE genotypes in the Tsimane were E3/E3 = 76.1%, E3/E4 = 21.3%, and E4/E4 = 2.6%, and the distribution of genotypes was in Hardy-Weinberg equilibrium (x 2 = 2.34; P = 0.31). Approximately one-quarter (23.9%) of the subjects carried at least 1 copy of E4 but, notably, the E2 allele is not present in the Tsimane. Given the low frequency of E4/E4 homozygotes, these individuals were grouped together with E4 heterozygotes for all genetic analyses.
For all adults aged 30+, eosinophil counts ranged from 61 cells/ml to 3400 cells/ml, with a mean count of 1282 cells/ml (SD6644); 85.9% of participants presented with eosinophilia (eosinophil count .600 cells/ml) (47) . Of the adults aged 30+, E4 carriers had 20% lower eosinophil counts (b = 2259 cells/ml; P = 0.006) and 9% lower leukocyte counts (b = 2723 cells/ml; P = 0.031), after controlling for age and sex, with a random effect for community of residence. There was no association between E4 and ESR. By comparison, eosinophil counts among children under age 18 ranged from 110 cells/ml to 6604 cells/ml, with a mean 6 SD count of 1676 6 1164 cells/ ml; 88.8% of children presented with eosinophilia. E4 status was not associated with eosinophil counts, leukocyte counts, or ESR in any age group.
Does E4 protect cognitive function in a high parasite environment? (H1)
For adults aged 30+ (n = 242, mean age 49.3 yr, 50.8% male), E4 was associated with poorer cognitive performance on most measures of cognitive performance, especially for measures of fluid cognition ( Table 1, Model 1 and  Supplemental Table S1 ) after controlling for age, sex, education, Spanish language ability, and parasite burden (eosinophil count). However, there was a strong significant interaction between E4 and parasite burden ( Fig. 1 and Table 1, Model 2 and Supplemental Table S1 ). Without including the interaction, the main effects of the E4 allele were weak and nonsignificant; after adding the interaction to the model, there was both a strong negative association between cognitive performance and the E4 allele and a strong positive interaction between E4 and eosinophils ( Fig. 1) . The interaction was strong enough that, with a high pathogen burden, E4 carriers were expected to outperform E3 carriers on cognitive measures ( Figs. 1 and 2 ). In the absence of eosinophilia, E4 carriers recalled 16% fewer words in short-term tasks (P = 0.004), 13% fewer words in long-term recall tasks (P = 0.047), and 12% fewer repeated numerals in the Tsimane digit forward task (P = 0.024). There were also nonsignificant trends among E4 carriers for recalling 10% fewer animals, plants, and trees in the category fluency task (P = 0.096), and 8% poorer performance on the composite digit span task (P = 0.068) and the combined Spanish, Tsimane, and spatial digit span tasks. Eosinophilia consistently had protective effects against E4, with significant interactions for short (P = 0.001) and long-term recall (P = 0.013), and trends toward an interaction for the Tsimane digit span (P = 0.097), a composite digit span (P = 0.051), and composite fluid task (P = 0.004); the other cognitive measures all had positive interactions between E4 and eosinophils but were not statistically significant (Fig. 2 and Supplemental Table S1 ). There was no significant interaction between sex and E4 status.
Is E4 associated with improved cognitive performance among children? (H2:P1)
Controlling for age, sex, education, and Spanish fluency, E4 was positively associated with visual scan (P = 0.037) and spatial forward tasks (P = 0.032), and positively (though not significantly) associated with 6/8 cognitive outcomes (Supplemental Table S2 ) in 124 children aged 6-18 (mean age 11.9 yr; 49.6% male). Height-for-age and weight-for-age z-scores were positively, but not significantly associated with E4 (Supplemental Table S2 ). Unlike adults, there was no interaction between E4 and parasite load for cognitive outcomes (Supplemental Figs. S2A-F  and S3 ).
Do postreproductive E4 carriers show reduced cognitive performance? (H2:P2)
Limiting the sample to postreproductive adults aged 45-88 (n = 138; 51.5% male, mean age, 58.2 yr) produced results similar to those of all adults aged 30+. There was a consistent negative association between E4 and cognitive performance at lower eosinophil counts, whereas E4 was protective among eosinophilia cases (Fig. 3 and Supplemental Table S4 ).
DISCUSSION
Extensive evidence in human population samples and animal models has shown positive associations between parasite infections and cognitive impairment (25) (26) (27) 48) . Genotypes that mitigate the negative impacts of parasite burden on cognitive performance should therefore have a selective advantage. We present evidence that the E4 allele, often associated with cognitive decline, AD, and CVD in industrialized populations with minimal parasite burden, was associated with higher cognitive function among Tsimane Amerindians, but only among individuals with evidence of high parasite burden. For homozygous E3/E3 carriers, higher eosinophil counts are associated with poorer performance on all cognitive measures (Supplemental Table S2 ). However, adults with high eosinophil counts, indicative of a high parasite burden, who carried at least 1 copy of the E4 allele (E3/E4 or E4/E4) showed better cognitive performance than did noncarriers. Although these eosinophil-cognitive function results differ from those in previous studies (25) (26) (27) , they are consistent with studies showing a protective effect of E4 on cognition when exposed to environmental insults (35, 36) . As a fatty acid transport protein, E4 plays critical roles in cholesterol metabolism and neurogenesis in the brain (49) . E4 carriers also showed significantly lower eosinophil counts, suggesting potentially protective effects of E4 against parasitic infection or burden, consistent with previous reports (2, 21, 23) . This result implies that E4 mitigates the effects of pathogen burden through at least 2 routes: by lowering the parasite load itself and by reducing its deleterious effects. Furthermore, our prior study of the Tsimane found that serum C-reactive protein, a general marker of inflammatory responses, was 60% higher in E3/ E3 carriers than in E4 carriers (20) , which is consistent with higher pathogen burden in E3 homozygotes. Thus, in a high parasite environment, the E4 allele may reduce parasite load, or alleviate the cognitive impacts of a high parasite load, possibly through differential cholesterol metabolism in the brain; the current study unfortunately cannot assess the mechanism by which cognitive function is maintained in a high pathogen environment.
Antagonistic pleiotropy, fluctuating selection, and heterozygotic advantage offer potential explanations for the worldwide prevalence of E4. There may be a fitness Figure 1 . Predicted z scores for composite fluid cognitive performance (n = 242 adults aged 30+ yr), E4 status, and 4 levels of eosinophil count, controlling for age, sex, education, and Spanish-speaking ability, with community ID as a random effect. Categories were no eosinophilia, ,500 eosinophils/ microliter; mild eosinophilia, ,1500/ml; marked eosinophilia ,2500/ml; and very marked eosinophilia $2500/ml (42).
advantage to carrying E4 in some environments and at some life stages (24, 37) that are a trade-off against deleterious consequences (5, 9, 50) . Although there may be some advantages (cognitive benefits and an increased ability to clear some infections) for E4 carriers during development when exposure risk to toxins (36) or disease is high (22, 24, 35) , E4 is also associated with increased cardiovascular and AD risk (4, 10), as well as decreased longevity after age 65 (50-52) in industrial populations. However, it is not known whether E4 affects late-life mortality in populations with a high infectious burden.
Overall, our data do not support the antagonistic pleiotropy hypothesis with respect to early or late-life advantages. E4 was generally beneficial to individuals facing a high parasite load regardless of age (H1). Findings among Tsimane children are consistent with the better cognitive performance of E4 carrying children in Mexico City (36) and Brazilian favelas (low income urban areas) (35) . Among Tsimane children, nearly all measures of cognitive performance were positively associated with E4 status, although because of the relatively small sample size, a statistically significant difference was not detected. Rather, these gene-by-environment interactions are consistent with balancing selection in areas with endemic parasitism or fluctuating selection in environments with variable parasite exposure. Thus, E4 may be adaptive in some environments (with high parasite and pathogen load) and detrimental in others, such as industrialized areas with populations having a low parasite burden. Tropical regions rich in helminths have higher frequencies of the E4 allele (15) , which may be protective against some parasites and infections (2, 23) . In many industrialized populations, the much higher prevalence of elevated cholesterol, blood pressure, and obesity make vascular dementias a significant concern; in these populations, E4 may negatively impact cognitive performance and dementia risk via increased amyloid deposits in the brain (8, 9) . Approximately 24% of Tsimane are carriers of E4, which is well within the range of what has been reported in Europe and North America, suggesting that our results are not related to outlier frequencies of APOE genotypes, as has been reported in some populations (15, 20) .
In populations facing a diversity of endemic pathogens, E4 may be protective against age-related cognitive decline, and possibly even AD. A meta-analysis concluded that bacterial pathogens also increase risk of AD, with spirochetal bacteria being associated with a 10-fold higher risk and Chlamydophila pneumoniae with a 4-fold higher risk (53) . Moreover, the human amyloid-b peptide has been shown to have protective antimicrobial benefits against cerebral bacterial infections in transgenic mouse models (54) . More than two-thirds of adult Tsimane have intestinal helminths, and 50% of adults are anemic (38) (39) (40) . Thus, in populations facing recurring pathogen exposure, the E4 allele may be adaptive by helping to clear infection and by decreasing the rate of cognitive decline during normal adult aging. In healthier populations, adults show progressive, slow attrition of cognitive processing and synapse loss (55) , that is accelerated by E4 (7). These adult aging processes may involve different functions of the APOE protein than are protective for the cognitive development of children (23, 35, 36) . In industrialized populations, sanitation, clean water, refrigeration, food safety, and medical advances have led to significant changes in the prevalence and incidence of parasitic and pathogenic infections, and thus may reduce the potential positive protective impacts of the E4 allele. In addition to vascular consequences of E4 that include higher risk of ischemic events, the potential benefit of the E4 allele for pathogen resistance may have less adaptive value for industrial populations with a lower pathogen burden from improved hygiene and modern medicine.
These results highlight the need for additional studies of the E4 gene by environmental interactions, especially in various nonindustrial environments, and for focusing on the neurobiology of middle age in addition to older age and the need to take a life-course perspective (55, 56) .
Other studies have found evidence of protective interactions between E4 alleles, cognitive function, and a host of other phenotypic characteristics, including testosterone (57), estrogen (58) , and physical activity (59) . Considered together, the evidence suggests that the impacts of the E4 allele are not always deleterious and may be adaptive and beneficial in some populations with a high infectious burden. We did not detect interactions between sex and E4 status in cognitive performance [for example, the female-E4 excess of cognitive deficits in AD (6)], perhaps because of the younger ages of most subjects or to the lower levels of circulating testosterone reported in male Tsimane (45) .
Limitations
Although there is a strong association between eosinophil counts and chronic intestinal parasite load (42, 43) , viral infections can also result in elevated eosinophil counts. That said, there was no interaction between E4 and other leukocyte subtypes (all P . 0.17; Supplemental Table S5 ), or ESR (P . 0.2), suggesting that current and past history of macroparasites drives this effect. In the current study, we used age-specific cutoffs to assess interactions between cognition, genotype, and parasite burden, but future studies with larger sample sizes and more statistical power will examine these interactions in finer detail. Children in this study ranged in age from 6-18 yr of age. Although this period encompasses significant cognitive development, the critical window for brain growth may be before this age range (60) .
Given the overall small sample size of our study and of the number of E4/E4 homozygous individuals, our study does not have the power to test for a heterozygous advantage. However, we consider this possibility to be highly likely, given that none of the APOE alleles have gone to fixation among the Tsimane, as well as the contextdependent advantages and disadvantages of the E4 allele. Other versions of antagonistic pleiotropy in which the benefits and costs of allelic variants vary environmentally could also explain the existing pattern of diversity. Although our sample size is relatively small, our results are consistent with those reported in other South American populations with similar ancestry (22, 36) .
CONCLUSIONS
Although being a carrier of the E4 allele is the single strongest risk factor for AD and cognitive decline in industrial populations, it is associated with greater cognitive performance in individuals who have a high parasite and pathogen load, suggesting that the E4 allele may have advantages in some environments. This finding may help explain the persistence and geographic distribution of such an otherwise deleterious allele.
